Results from reactive transport simulations performed for the geothermal plant in Kirchstockach, located in the Bavarian Molasse Basin in southern Germany, are presented to unravel the formation of calcite scaling. Simulation results successfully predict the calcite scaling profile observed along the production well if supersaturation with respect to calcite is specified for the model water leaving the pump at 800 m depth. This observation is in good agreement with a previous study suggesting that gas exsolution (i.e., boiling) occurring at the pump due to an unwanted pressure drop is the most likely driver for the formation of those calcite scalings.
Introduction
The carbonate-dominated Malm aquifer in the Bavarian Molasse Basin in southern Germany is being widely exploited and explored for geothermal energy [1] [2] [3] . Owing to karstification, the fracture spacing and permeability is high enough for continuous water extraction. Therefore, some 40 wells have been drilled in the greater Munich area over the last 10 years. Typical flow rates are between 30 and 130 L s -1 and the production temperatures reach up to 150 °C. Despite these favorable reservoir conditions, the use of many of the wells for heat and power production is Fig. 1 . Scenarios of the formation of calcite scaling: (a) linear decompression scenario in which calcite precipitation occurs only due to the solubility decrease associated with the linear pressure decrease of ca. 280 bar as the thermal water is pumped from the Malm aquifer to the surface. (b) Corrosion scenario in which calcite precipitation is induced by corrosion of the casing and the associated pH increase and calcite solubility decrease. (c) Boiling scenario in which calcite precipitation is caused by gas exsolution from the produced thermal water due to a localized pressure drop, most likely located within the centrifugal pump. Scenario c also shows the section of the well for which reactive transport model simulations were performed.
highly challenging. The main difficulty, especially in the deep (>3000 m) boreholes with temperatures >120 °C, is that substantial amounts of calcite-dominated scaling are hindering the proper operation of the pumps within the wells and of the heat exchangers at the surface. In a previous study 4 we presented an extensive dataset from the geothermal plant in Kirchstockach, which was collected during the production period between December 2014 and March 2015. Based on chemical analyses of wellhead water samples, chemical and mineralogical analyses of scaling collected along the uppermost 800 m of the production well, and gas analyses of fluid inclusions identified in calcite crystals we postulated three scenarios that can explain the formation of the calcite scaling (Fig. 1) . The scenarios were evaluated by performing geochemical speciation calculations taking into account the pressure dependence of calcite solubility. The calculations suggested that the boiling scenario, where gas exsolves at the pump due to an unwanted pressure drop, is the most likely driver for scale formation 4 . For this contribution we present results from reactive transport model simulations performed for the three scenarios to further test the three scale formation scenarios.
Model setup
Reactive transport model simulations were performed for each scaling scenario ( Fig. 1 ) using the code TOUGHREACT V3 5 . Simulations were run for the section of the production well located above the pump. Since the pump was situated at a depth of 800 m during the studied production period, the vertical extent of the model is 800 m (Fig. 2a) . The temperature was kept constant at 135 °C, corresponding to the long-term average wellhead temperature. At the upstream model boundary the pressure was fixed to 18 bar, corresponding to the pressure under which the geothermal plant is being operated at the surface. Within the well a hydrostatic pressure distribution was defined yielding a pressure of about 90 bar at the downstream model boundary. To be able to simulate that scaling formation only occurs at the surface of the casing a 2D radial mesh was defined (Fig. 2b) . In doing so, the production well was discretized into 7 radially concentric grid cylinders. The radial discretization further allowed the definition of a parabolic velocity distribution v(r) across the well according to the Poiseuille equation:
where η refers to the fluid viscosity, ΔP is the pressure drop occurring along the production well due to frictional forces, and R and r refer to the radii of the well and the location at which the velocity is calculated, respectively. The Poiseuille law was implemented by specifying a corresponding permeability distribution along the radial grid, which yielded a constant velocity profile as illustrated in Fig. 2c and a flux-averaged upflow rate of 87 L s -1 corresponding to the average production rate during the studied production period.
Initial and boundary conditions
The chemical fluid composition specified as initial and boundary condition depends on the simulated scenario (Table 1) . For the linear decompression and corrosion scenarios (Fig. 1a,b) a fluid in equilibrium with the dolomiteand calcite-bearing Malm reservoir was specified. In contrast, for the boiling scenario (Fig. 1c) we specified a fluid composition that is supersaturated with respect to calcite and dolomite and reflects a reservoir fluid that previously experienced CO 2 degassing associated with boiling of the produced water at the pump. Moreover, the specified composition corresponds to the wellhead sample showing the maximum calcite and dolomite supersaturation during the investigated production period. Table 1 : Chemical composition specified as initial and boundary condition for the three simulation scenarios (Fig. 1) . All concentrations are given in mg L -1 except for dissolved inorganic carbon (DIC), which is in mmol L -1 . A specific geochemical reaction network was specified for each of the three scenarios (Fig. 1) . For the linear decompression scenario, calcite was allowed to form in the outermost grid block (i.e., casing surface) if it became supersaturated due to the linear pressure decrease during upflow (Fig. 2a) . To simulate the maximum amount of scaling, calcite precipitation was computed as an equilibrium reaction, which means that calcite was kept at saturation as in the case of a high precipitation rate. For the corrosion scenario the surface of the casing was considered to be susceptible to anaerobic iron oxidation: 
Scenario
A particular characteristic of the investigated well was that a segment of the casing (~45 area% of the total casing) had been coated by a thin plastic film to protect it from corrosion. Accordingly, iron corrosion (eq. (2)) was only simulated for the segments of the casing that were not coated. Similar to the linear decompression scenario, calcite was allowed to precipitate if it became supersaturated. For the boiling scenario, calcite precipitation was the only reaction occurring at the surface of the casing. In contrast to the other two scenarios calcite precipitation was simulated as a kinetic reaction taking into account the average precipitation rate derived from the amount of scaling formed over the investigated production period (7.1x10 -13 mol L -1 s -1 ) 4 . To account for the observation that the scaling thickness is larger along the uncoated tubes, the rate was increased by 67% for the uncoated tubes and decreased by 67% for the coated tubes.
Model results and discussion
Simulated thicknesses of calcite scaling are compared with the thicknesses measured in each of the 68 casing tubes (Fig. 2d ) in order to evaluate the three scaling formation scenarios (Fig. 1) . The linear decompression scenario yields scales that are much thinner (<<0.1 mm) than the observations. The same applies to the corrosion scenario along the coated section of the casing, because no corrosion was simulated for this interval. The minor calcite scaling in the absence of corrosion reflects the weak dependence of calcite solubility on pressure. If calcite precipitation is suppressed in the linear decompression scenario, a calcite saturation index of only 0.01 is obtained when the pressure gradually falls from 90 bar to the 18 bar plant pressure during upflow in the well (Fig. 2a) . The section of the well above the pump was simulated at a constant temperature and at hydrostatic pressure distribution with a fixed average upflow rate of 87 L s -1 (a). Perpendicular to flow the model was discretized into 7 radially concentric grid blocks (i.e., cylinders) each 1.75 cm wide, whereas scaling formation was only allowed in the outermost grid block corresponding to the surface of the casing (b). The velocity profile across the well was specified according to the Poiseuille law (eq. (1)) (c). Simulation results are presented by comparing scaling thicknesses formed along the upper 800 m of the production well during the studied production period (December 2014 to March 2015) with the thicknesses simulated for the three scale formation scenarios (d). The horizontal bars correspond to the thickness measured for each of the 68 casing tubes.
For the corrosion scenario, a scaling thickness on the order of the measured thicknesses can be only obtained along the lower part of the uncoated casing section. However, this requires specification of a very high rate of anaerobic iron corrosion, such as that used to simulate highly corrosive, granular zero-valent iron 6 . The small amount of scaling predicted for the coated section as well as the need to invoke highly corrosive uncoated tubes implies that corrosion cannot be the main driver of scaling formation. Low corrosion rates are also consistent with the absence of bacteria in the produced thermal water, suggesting that corrosion is not microbially stimulated.
In contrast to the two other scenarios, the boiling scenario can reproduce the observed profile of scaling thickness nicely if the precipitation rates are specified accordingly (Fig. 2d) . The main cause of the thicker scales in this scenario is the high initial supersaturation of the water entering the model at the downstream boundary (Table 1) . With such a high initial supersaturation, the observed scaling thicknesses can be reproduced using plausibly slow calcite precipitation rates. We thus conclude that scaling at the Kirchstockach plant is best explained by calcite supersaturation induced at the down-hole pump. Supersaturation is most likely due to a local pressure drop caused by a high pumping rate, which in turn leads to boiling and CO 2 degassing of the produced thermal water.
